New Galvanomagnetic Effects of Polycrystalline Magnetic Films by Zhang, Y. et al.
ar
X
iv
:1
51
0.
01
21
7v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
5 O
ct 
20
15
New Galvanomagnetic Effects of Polycrystalline Magnetic Films
Y. Zhang,1, 2 H. W. Zhang,3 and X. R. Wang1, 2, ∗
1Physics Department, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong
2HKUST Shenzhen Research Institute, Shenzhen 518057, China
3School of Microelectronics and Solid-State Electronics,
University of Electronic Science and Technology of China, Chengdu, Sichuan 610054, China
Within the linear response of polycrystalline magnetic films to electric currents, a general analysis
predicts three new galvanomagnetic effects originated from the two-dimensional nature of the films.
These new galvanomagnetic effects, which differ from the conventional extraordinary Hall effect and
anisotropic magnetoresistance, are follows. 1) The longitudinal resistivity depends linearly on the
magnetization component perpendicular to a film. 2) A current parallel to the magnetization can
generate an electric field in the vertical direction of a film. 3) A current perpendicular to a film can
generate an electric field along the magnetization direction.
PACS numbers: 72.20.My, 75.70.-i, 75.75.-c, 85.75.-d
The galvanomagnetic effects are a well-studied subject
in condensed matter physics [1–3]. The subject is about
the generation of electric field in a metal or a semicon-
ductors by an electric current. These effects are often
used to probe the electronic properties of matter. The
galvanomagnetic effects include many well-known phe-
nomena such as classical and quantum Hall effect [4],
extraordinary Hall effect (EHE) [5–8], anisotropic mag-
netoresistance (AMR) [9, 10], and de Haas-Schubnikov
oscillations [11], as well as recently discovered spin Hall
and inverse spin Hall effect [12–16]. Within the linear
response region, the theories of galvanomagnetic effects
are well-developed. For example, one can use the Kubo
formula [17] or Boltzmann theory to compute resistiv-
ity tensor of a given microscopic model in the presence
or absence of a magnetic field. One can also use semi-
classical dynamical equations for quasi-electrons or holes
to obtain a current density under given external driven
forces. Although these theories can be used to compute
the transport properties of a given microscopic model,
the microscopic mechanism of one particular galvano-
magnetic effect may not be as transparent as one might
think. For example, the origins of the EHE were com-
pletely known only in recent years [8]. A microscopic
understanding of AMR is still a research subject. So
far, most of the well-known galvanomagnetic effects were
first found in experiments instead of being predicted by
theories. In this letter, new galvanomagnetic effects for
polycrystalline magnetic films are predicted. Our predic-
tions are based on the general requirement that all phys-
ical quantities must be tensors such as scalars (tensors of
rank 0) and vectors (tensors of rank 1), and all physics
equations can be written in tensor forms. Our analysis
shows that all possible galvanomagnetic effects for poly-
crystalline magnetic bulks are already known. However,
three new galvanomagnetic effects, which are not known
to the best of our knowledge, exist in polycrystalline mag-
netic films due to their two dimensional nature.
Consider a piece of ferromagnetic metal with a current
density J passing through it. The galvanomagnetic ef-
fects of the system in the linear response region is best
described by the generalized Ohm’s law. The well-known
generalized Ohm’s law of polycrystalline ferromagnetic
metals is [18–20]
E = ρ⊥J+
∆ρ
M2
(J ·M)M−R0J×H−R1J×M, (1)
where M is the magnitude of magnetization M and H
is an applied external magnetic field. E is the electric
field induced by the current density J. ρ⊥ is the resis-
tivity when M and J are perpendicular with each other.
∆ρ = ρ||− ρ⊥ is the difference between ρ⊥ and the resis-
tivity ρ|| when M is parallel to J. This term is usually
called the AMR. This AMR gives the famous universal
angular dependence of longitudinal resistance (resistiv-
ity) ρxx = ρ⊥ + ∆ρ cos
2 θ, where θ is the angle between
M and J. R0 and R1 are the ordinary and extraordinary
Hall coefficients. This generalized Ohm’s law is the ba-
sis of the electrical detection of ferromagnetic resonance
[16, 18–20].
Eq. (1) is in fact the most general linear response of
a polycrystalline magnet. It could be understood by the
following reasoning. For simplicity, let us assume that
there is no external magnetic field and M is the only
vector variable available in the system [21]. For the linear
response of the system to a current density J, the most
general expression of the induced electric field must be
E = ρ↔(M)J, where ρ↔(M) is a rank-2 Cartesian tensor,
depending onM. It is well-known that a Cartesian tensor
of rank 2 can be decomposed into the direct sum of a
scalar of function of M , a vector that is a function of
M multiplying M, and a traceless symmetric tensor that
is a function of M multiplying MM −M2/3. Thus the
most general expression of E is
E =
(
ρ⊥+
∆ρ
3
)
J+R1M×J+
∆ρ
M2
(
MM−
M2
3
)
·J. (2)
This is exactly Eq. (1). Although no new physics is
obtained from this reasoning, this analysis is capable of
2finding all galvanomagnetic effects for the bulk of poly-
crystalline magnets. Interestingly, a similar spirit, but
with a much more tedious and lengthy argument, was
used before to obtain the AMR [22].
Encouraged by the above success, we carry out a sim-
ilar analysis for polycrystalline magnetic films, lying in
the xy-plane as shown in Fig. 1. Although a polycrys-
talline film is isotropic in the film plane, zˆ is an available
vector and ρ↔(M, zˆ) should be a function of both M and
zˆ. Of course, the sense of the positive z-direction must
be determined by the current density and the in-plane
component of the magnetization [23]. Since three vectors
(M, zˆ, and M× zˆ) and three traceless symmetric tensors
(MM −M2/3, Mzˆ + zˆM − 2Mz/3, and zˆzˆ − 1/3) can
be constructed out of M and zˆ, we have, with a similar
reasoning as that for a bulk polycrystalline magnet,
E =
(
ρ⊥ +
∆ρ+ ρ2
3
)
J+
(
R1M+
ρ1zˆ +R
′
2M× zˆ
)
× J+
[
∆ρ
M2
(
MM−
M2
3
)
+
R′3
(
Mzˆ + zˆM− 2
Mz
3
)
+ ρ2
(
zˆzˆ −
1
3
)]
· J =
ρ⊥J−R1J×M+
∆ρ
M2
(
M · J
)
M− ρ1J× zˆ+
R2JzM+R3
(
M · J
)
zˆ −R4MzJ+ ρ2Jz zˆ,
(3)
where R2 ≡ R
′
2 +R
′
3, R3 ≡ R
′
3 −R
′
2 and R4 ≡ (2/3)R
′
2.
The ρ1-term may be interpreted as the spin-Hall term
if the sign of ρ1 for spin-up electrons is opposite to that
for spin-down electrons. Microscopically, it is known that
spin-orbit interaction can lead to a term like this [12, 13].
Obviously, ρ2 is the resistivity along the z−direction.
Interestingly, one obtains three new terms. R2-term
says that a current perpendicular to the film induces an
electric field in M direction. R3-term says that a cur-
rent along M direction generates an electric field in the
z−direction. R4-term says that the longitudinal resistiv-
ity of the film depends on Mz linearly. Since the sense of
the positive z−direction is lost when the in-plane compo-
nents of M and J are parallel to each other, one should
expect R4 = 0 when J is in-plane. In general, R4 6= 0,
and the longitudinal resistivity of a polycrystalline film
changes when the current reverses its direction so +zˆ be-
comes −zˆ. This is the fingerprint feature of this term. It
destroys the symmetry of E(M,−J) = −E(M,J) that
Eq. (1) posses. Like a semiconductor diode, this term
leads to rectification effect. It should be pointed out that
all the coefficients of these terms depend, in principle, on
M as well as other possible variables or parameters like
the temperature and impurities (that will not change our
tensor analysis). Generally speaking, all these new terms
should exist. Of course, their values depend on micro-
scopic interactions that lead to these terms.
In order to find out how to experimentally verify
the new effects, let us examine two experimental con-
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FIG. 1: (Color online) Schematic illustration of two possi-
ble experimental configurations of a polycrystalline magnetic
film lying in the xy−plane. The z-axis is perpendicular to the
film. (a) Current density J flows along the x-direction in the
magnetic film. The magnetization M is in the yz−plane. (b)
Current density J flows along the z-direction. The magneti-
zation M is in the xz−plane.
figurations involving a polycrystalline magnetic film as
schematically shown in Fig. 1. Fig. 1(a) is the case that
a current density flows in the film, say J = Jxˆ, while Fig.
1(b) corresponds to a current perpendicular to the film,
J = Jzˆ. In the case of Fig. 1(a), electric field E in the
x−, y− and z−directions are proportional to ρxx, ρyx and
ρzx. According to Eq. (3), ρxx = ρ⊥ + (∆ρ/M
2)M2
x
−
R4Mz. The first two terms describe the AMR. The third
term says that the longitudinal resistance has an addi-
tional contribution linear in Mz. This contribution van-
ishes when M lies in-plane of the magnetic film. All
terms in ρyx, ρyx = (∆ρ/M
2)MxMy + ρ1 + R1Mz, are
known before (AMR, EHE and SHE). However, ρzx =
(∆ρ/M2)MxMz−R1My+R3Mx depends on R3. For an
in-plane magnetized film, ρzx = −R1My+R3Mx, so that
the fingerprint of the new terms is R3M cos(θ) behavior,
where θ is the angle between M and J. Unfortunately,
the film thickness cannot be too large since Eq. (3) is for
a two-dimensional film. A reasonable length scale is elec-
tron mean-free path that is order of nanometers to mi-
crons for most metals at normal conditions. On the other
hand, the way to measure a resistivity is to convert it to a
voltage signal. From this consideration, ρzx is not a good
quantity to measure because one expects voltage signal
in vertical direction induced by an in-plane current would
be too small to measure for a micron thick film. Never-
theless, one can use this configuration to measure R4 by
using a single domain thin film so that the voltage signal
would not be averaged out. To simplify the analysis, it
is better to keep M in the yz-plane as illustrate in Fig.
1(a). In this configuration, ρxx = ρ⊥ − R4Mz. Reverse
the current direction, one has ρxx = ρ⊥ + R4Mz. Thus
the difference in voltage drop for the two opposite cur-
rent directions is proportional to R4. One can also study
Mz-dependence of the voltage drop in the x−direction
at a fixed J. One may use an external magnetic field to
tune Mz.
In the case of Fig. 1(b) and if one chooses x−axis par-
allel to the in-plane component of M (My = 0), then the
x−, y− and z−components of E are proportional to ρxz,
ρyz and ρzz . This may be detected by measuring the
voltage drops in the x−, y−, and z−directions when a
3tunneling current is passing through a multilayer sample
in which a thin single domain magnetic layer is sand-
wiched between two non-magnetic layers. According to
Eq. (3), ρxz = (∆ρ/M
2)MxMz + R2Mx, ρyz = −R1Mx
and ρzz = (ρ⊥+ρ2)+ (∆ρ/M
2)M2
z
+(R2+R3−R4)Mz.
Obviously, the voltage drop in the x−direction reverses
its sign when M = Mxˆ changes to M = −Mxˆ. The
difference of the two voltage drops is proportional to R2.
This is the signature of R2. To obtained R3, one can
measure the tunneling resistances for M = ±Mzˆ. The
difference of the two tunneling resistances is proportional
to R2 +R3 −R4.
The new galvanomagnetic effects reported here come
from the two dimensional nature of films. The interfa-
cial effects are not new in physics [24–26] and exist in
both magnetic and non-magnetic systems. Our general
analysis points out that the new galvanomagnetic effects
should exist in a polycrystalline magnetic film although
it reveals neither microscopic origins of these effects nor
their possible magnitudes. To utilize these new effects
as material probes or to search for materials with larger
effects, one needs to understand how microscopic inter-
actions generate these new effects. Another interesting
problem is to generalize the analysis to crystalline ma-
terials because it can help us to understand those elec-
tron transport measurements on magnetic single crys-
tals. Since a crystal can provide intrinsic crystal vectors
or tensors, ρ↔(M, xˆ1, xˆ2, ...) shall depend not only on M,
but also on other tensors or vectors (xˆ1, xˆ2, ...) that a
crystal possess. Then, one needs to construct all possi-
ble vectors and traceless symmetric tensors out of these
available variables in order to find out all possible gal-
vanomagnetic effects.
Clearly, all three new terms involve the coupling be-
tween the magnetization and charge current so that they
can generate dc-voltage in the electrical detection of
FMR just like what AMR and EHE do [16, 18–20]. The
electrical detection of FMR has been used in recent years
to extract spin pumping and the spin Hall angle that
measures the strength of both spin Hall effect and the
inverse spin Hall effect [16, 18–20]. Obviously, the new
galvanomagnetic effect should have important implica-
tions on reliability of extracting material parameters like
the spin Hall angle of various metals since most experi-
ments used polycrystalline magnetic films.
In conclusion, we present a general analysis of the lin-
ear response of polycrystalline magnetic films and pre-
dict three new galvanomagnetic effects. The longitudinal
resistivity contains, in general, a term linear in the mag-
netization component perpendicular to a film. A current
along the magnetization can induce an electric field per-
pendicular to a film. Furthermore, a current perpendicu-
lar to a film can induce an electric field along the magne-
tization direction. Their implications are discussed. The
typical features of these effects are analyzed and possible
ways to experimentally verify them are suggested.
This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 11374249) as well
as Hong Kong RGC Grants No. 163011151 and No.
605413.
∗ Electronic address: phxwan@ust.hk
[1] D. K. C. MacDonald and K. Sarginson, Galvanomag-
netic effects in conductors, Repts. Progr. in Phys. 15,
249 (1952).
[2] E. M. Conwell, Galvanomagnetic effects in semiconduc-
tors at high electric fields, Phys. Rev. 123, 454 (1961).
[3] S. D. Ganichev, E. L. Ivchenko, V. V. Bel’kov, S. A.
Tarasenko, M. Sollinger, D. Weiss, W. Wegscheider and
W. Prettl, Spin-galvanic effect, Nature 417, 153 (2002).
[4] The Quantum Hall Effect, edited by R. E. Prange and S.
M. Girvin (Springer-Verlag, New York, 1990).
[5] Emerson M. Pugh and Norman Rostoker, Hall effect in
ferromagnetic materials, Rev. Mod. Phys. 25, 151 (1953).
[6] Robert Karplus and J. M. Luttinger, Hall effect in ferro-
magnetics, Phys. Rev. 95, 1154 (1954).
[7] J. N. Chazalviel and I. Solomon, Experimental evidence
of the anomalous Hall effect in a nonmagnetic semicon-
ductor, Phys. Rev. Lett. 29, 1676 (1972).
[8] T. Jungwirth, Qian Niu, and A. H. MacDonald, Anoma-
lous Hall effect in ferromagnetic semiconductors, Phys.
Rev. Lett. 88, 207208 (2002).
[9] T. R. McGuire and R. I. Potter, Anisotropic magnetore-
sistance in ferromagnetic 3d alloys, IEEE Trans. Magn.,
vol. MAG-11, no. 4, pp. 1018C1038, Jul. 1975.
[10] H. X. Tang, R. K. Kawakami, D. D. Awschalom, and
M. L. Roukes, Giant planar Hall effect in epitaxial
(Ga,Mn)As devices, Phys. Rev. Lett. 90, 107201 (2003).
[11] D. Shoenberg, Magnetic Oscillations in Metals (Cam-
bridge University Press, Cambridge, 1984).
[12] J. E. Hirsch, Spin Hall effect, Phys. Rev. Lett. 83, 1834
(1999).
[13] A. Hoffmann, Spin Hall effects in metals, IEEE Trans.
Magn., 49, 5172 (2013).
[14] T. Kimura, Y. Otani, T. Sato, S. Takahashi, and S.
Maekawa, Room-temperature reversible spin Hall effect,
Phys. Rev. Lett. 98, 156601 (2007).
[15] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida,
M. Mizuguchi, H. Umezawa, H. Kawai, K. Ando, K.
Takanashi, S. Maekawa and E. Saitoh, Transmission of
electrical signals by spin-wave interconversion in a mag-
netic insulator, Nature 464, 262-267 (2010).
[16] E. Saitoh, M. Ueda, H. Miyajima and G. Tatara, Con-
version of spin current into charge current at room tem-
perature: inverse spin-Hall effect, Appl. Phys. Lett. 88,
182509 (2006).
[17] R. Kubo, A general expression for the conductivity ten-
sor, Can. J. Phys. 34, 1274 (1956).
[18] H. J. Juretschke, Electromagnetic theory of dc effects in
ferromagnetic resonance, J. Appl. Phys. 31, 1401 (1960).
[19] W. G. Egan and H. J. Juretschke, DC detection of fer-
romagnetic resonance in thin nickel films, J. Appl. Phys.
34, 1477 (1963).
[20] Y. S. Gui, N. Mecking, X. Zhou, Gwyn Williams, and C.-
M. Hu, Realization of a room-temperature spin dynamo:
the spin rectification effect, Phys. Rev. Lett. 98, 107602
4(2007).
[21] The spin vector of the itinerary electrons is ignored here.
It could involve in the transport through the spin-orbit
interactions.
[22] E. De Ranieri, A. W. Rushforth, K. Vyborny, U. Rana,
E. Ahmad, R. P. Campion, C. T. Foxon, B. L. Gal-
lagher, A. C. Irvine, J. Wunderlich, and T. Jungwirth,
Lithographically and electrically controlled strain effects
on anisotropic magnetoresistance in (Ga,Mn)As? New
Journal of Physics 10, 065003 (2008).
[23] The z-direction should be determined by the current
flow direction and the in-plane component of the mag-
netization if the current flows in the plane. One would
not be able to distinguish the +z−direction from the -
z−direction if the in-plane component of M is parallel
to current density in this case. For current perpendicular
to the film, the +z−direction can be determined by the
current flow direction.
[24] M. Sakurai, Magnetic anisotropy of epitaxial Fe/Pt(001)
multilayers, Phys. Rev. B 50, 3761 (1994).
[25] J. Lu and X. R. Wang, Proximity and anomalous field-
effect characteristics in double-wall carbon nanotubes,
Appl. Phys. Lett. 90, 052109 (2007).
[26] M. Tsujikawa and T. Oda, Finite electric field effects
in the large perpendicular magnetic anisotropy surface
Pt/Fe/Pt(001): a first-principles study, Phys. Rev. Lett.
102, 247203 (2009).
